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ABSTRACT
INCREASED HEAT TRANSFER USING INTERRUPTED CONVECTION
IN BACK IRON LAMINATIONS

Nicholas Thompson, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2015
Dr. Pradip Majumdar, Director

The need for more efficient electrical power generation components is growing as
technologies mature while improvements on these technologies make smaller gains over
previous versions. Improvements in cooling methods are required in order to avoid increased
temperatures and decreased reliability and efficiency. An area that has room for rapid growth is
cooling optimization of electromagnetics. Direct air flow is the simplest cooling method. It is
well documented that the heat transfer coefficient of a fluid can be increased by adding fins to
the surface of the heat generating component. Using lamination layers allows for the
achievement of more complex fin design geometries while limiting induction losses.
Optimization of these fin dimensions as well as clocking positions allows for the system designer
to choose the amount of flow interruption by using variable hydraulic diameters and flow paths
for the fluid, thus controlling pressure drop and heat transfer coefficient for a given system. This
flexibility of parameters also allows for the elimination of localized hot spots. This research
investigates the effect of changing fin patterns as well as changes in fin distances between
laminations on convection. It is hypothesized that by forcing periodic redevelopment of the
boundary layer, local heat transfer will increase, thus temperature of the component will
decrease.

Results show a direct correlation between hydraulic diameters versus pressure drops as
well as heat transfer coefficient versus tooth surface area. Results also showed that flow
impingement increases pressure drop by a larger factor than the increase in heat transfer due to
the flow impingement. Experimental data, confirmed by numerical computation, showed that
increased fluid flow proportionally affected effective heat transfer coefficient. Experimentally,
the design using 0.15” finless spacer between finned laminations and zero degree clocking
performed the best. Conversely, both 180 degree clocked designs performed poorly due to fluid
stagnation on the front and rear fin walls, overcoming any benefit due to increased wetted
surface area.
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CHAPTER ONE: INTRODUCTION

Motivation

The aerospace field is competitive in terms of getting the best performance out of any
system. Many mechanical systems are being replaced by electronically driven systems, which
provide several benefits. Generally electric systems weigh less and don’t have the same
maintenance issues that their pneumatic or hydraulic counterparts would. One detractor is that
these systems increase the load on the airplane generators. While space and weight are premium
commodities, generators must have higher power densities to counteract the increased load
requirements while using as little space and weight as possible. These high power density
machines require better cooling in order to keep their efficiencies and reliabilities at a maximum.
Generally these machines are cooled via back-iron cooling or end turn cooling. End turn
cooling involves impinging free jets of oil onto the stator end turns. This particular method of
cooling will not be the focus of this research and instead the focus of this paper will be back-iron
cooling.
Back-iron cooling uses enhanced convection by fin design on the outside of the
laminations to remove heat from the stator lamination. Heat generated in the windings is
conducted axially through the fins and yoke to the back iron. Since the motor or transformer
typically uses induction as a means of power transfer, in order to minimize eddy current losses,
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laminations are used instead of a solid core. Laminating the core forces the induction current to
stay within the lamination, thus lowering losses.
A new approach to convective back iron cooling is examined in this study. It is proposed
that a single lamination design can be used to enhance convective cooling. Several flow patterns
can be achieved by designing the laminations to allow for the ability to “clock” or vary fin
frequencies to produce a staggered effect. This staggered effect changes the channel geometry
and thus the flow field as well as increases wetted surface area. Another way to enhance
convection would be to place finless laminations between the finned laminations. This spacer
between fins in the flow direction will allow for less restrictive flow paths, thus reducing
pressure drop across the lamination stack. Another effect that will be tested is the effect that
clocking or placing spacers between laminations will have on convection by forcing a periodic
redevelopment of boundary layer. It is proposed that this periodic restart of the boundary layer
will increase convection by changing local velocity profiles.

Literature Review

Research by Korichi and Oufer [1] investigate convective heat transfer between fluid and
three blocks within a rectangular channel. The blocks had what was to be assumed a uniform
heat flux. Two blocks were placed on the floor and one on the ceiling. It was discovered that as
the Reynolds number was increased, the heat removed was increased, with maximum transfer at
sharp edges and corners. The temperature difference between the three blocks also increased as
the Reynolds number increased.
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Yaghoubi and Velyati [2] used arrays of cubes in a duct to block flow. Each cube had an
internal heat flux applied. The cross sectional area of flow blocked was ranged from 10% to 50%
of the duct. Using computational modeling, it was found that for turbulent flows decreasing the
block spacing and increasing block width improved convective heat transfer. This was primarily
due to the increased local velocity in the duct at the impinging block corners.
Meinders and Hanjalic [3] investigated the effects of relative position between two blocks
and the effect the position has on heat transfer in a fully developed turbulent channel flow. They
studied the two blocks in line in the flow direction as well as staggered while changing both of
these streamwise and spanwise distances. They found that while there were local heat transfer
differences dependent on the cube positioning, the averaged heat transfer coefficients appeared
independent of cube positioning and related more to the bulk flow traveling through the channel.
Fain et al. [4] used different shroud designs to direct air flow onto a cube and then again
using a transformer. They were able to find optimal shroud designs to minimize surface
temperatures with minimized fan power. Numerical modeling using computation fluid dynamic
software was used coupled with experimental testing to validate the numerical model.
Perng and Wu [5] used turbulators to disrupt flow over three inline, heat generating
blocks. Numerical computation using Simple-C found that turbulent heat transfer characteristics
could be improved by modifying the flow pattern through vortex shedding.

CHAPTER TWO: THEORETICAL IDEALOGY

Parameters and Boundary Conditions

This study is an optimization problem that is constrained by fluid conditions. The
optimization space is the lamination region while the flow and inlet conditions are fixed with the
pressure gradient constrained. The effective heat transfer coefficient is the function to be
optimized. Two systems were compared, one using oil as the working fluid and one using air as
the working fluid. There are several boundary conditions and parameters to consider. They are
summarized in Table 1 and Table 2.
Table 1
Research Parameters and Boundary Conditions Using Oil as Working Fluid
Parameters

Value (units)

Total Heat Load Q

2000 (Watts)

Outside Diameter of Shroud (not including fins)

5 (inches)

Lamination thickness

0.014 (inches)

Stack Length

4 (inches)

Heat Flux (at halfway point between inside and outside diameter)

4.91 (W/cm^2)

Inlet Temperature

100 (Celsius)

Flow

3 (GPM)

Pressure Drop Goal

20 (psi/linear inch)
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Table 2
Parameters and Boundary Conditions Using Air as Working Fluid
Parameters

Value (units)

Total Heat Load Q

400 (Watts)

Outside Diameter of Shroud (not including fins)

5 (inches)

Lamination thickness

0.014 (inches)

Stack Length

4 (inches)

Heat Flux (at halfway point between inside and outside diameter)

0.98 (W/cm^2)

Inlet Temperature

25 (Celsius)

Flow

46 (CFM)

Pressure Drop Goal

0.027 (psi/linear inch)

For the research using oil as the working fluid, the material to be used for the laminations
is a Hiperco steel. The oil to be used is MIL-23699 oil. The material properties for these
materials can be found in Table 3 and Table 4.
.
Table 3
Hiperco Steel Material Properties
Material Property

Value (unit)

Density
Thermal Conductivity
Specific Heat

⁄
⁄
⁄
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Table 4
MIL-23699 Oil Material Properties
Material Property

Value (unit)

Density

⁄

Dynamic Viscosity

0.004686 Pa-s

Thermal Conductivity

⁄

0

Specific Heat

⁄

For the research using air as the working fluid, the material to be used for the laminations is 6061
aluminum. The experimental testing used air as the working fluid. The material properties for air, 6061
aluminum, the copper heat sink are given in tables 5 through 7.

Table 5
Air Material Properties
Material Property

Value (unit)

Molecular Weight
Dynamic Viscosity
Thermal Conductivity
Specific Heat

1.83691e-05 Pa-s
⁄

0
⁄
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Table 6
6061 Aluminum Material Properties
Material Property

Value (unit)

Density

⁄
⁄

Thermal Conductivity
Specific Heat

⁄

Table 7
Copper Material Properties
Material Property

Value (unit)

Density
Thermal Conductivity
Specific Heat

⁄
⁄
⁄

Lamination Geometry

The back-iron has some defined base surface area value. Creating a cylindrical shroud to
place around the test article allows the design engineer to direct the working fluid through a
channel, maximizing air flow interaction with the electronic device. Given a back-iron, a base
heat transfer coefficient can be derived for given initial conditions. An example to consider is a
transformer back-iron. This electronic device uses stacked laminations rather than one solid core.
Given the use of laminations, one finned lamination design can be used for an entire lamination
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stack. Each lamination can then be turned, or clocked, a given amount of degrees in order to
offset the fins in such a way as to interrupt the flow as well as increase wetted surface area. The
interruption in flow increases pressure drop between the inlet and the exit of the flow field as
well as requires change in the velocity vector of the oil. Heat transfer should increase relative to
the finless design due to the increased local velocity that is realized due to the impinged flow
field, the increase in wetted surface area as well as the constant restarting boundary layer on the
radial fin walls. Figure 1 and Figure 2 illustrate the differences between a smooth back-iron and
zero clocked finned back-iron as well as a zero clocked fin back-iron and a ninety degree clocked
back-iron (lamination pattern repeats after every 4th lamination). The shroud used to direct
airflow has been removed for visualization purposes.

Flow direction

Figure 1:

Smooth back-iron versus finned back-iron laminations.

As shown in Figure 1 and Figure 2, the wetted area of the back-iron is increased
significantly with fins. It is hypothesized that pressure drop should increase due to confinement
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of fluid pathways. Figure 2 below shows how clocking can increase the wetted area as well as
further constrain the pathway of the fluid.

Flow direction

Figure 2:

Zero clocked back-iron versus 90 degree clocked back-iron.

Above the fins, the shroud or housing will confine the fluid and direct the flow between
into the fin channels. The shroud can be pressed into the fins, allowing no flow area above the
fins and effectively creating columns rather than fins. The shroud can also be separated from the
top of the fins by some distance “c”. The shroud would be held in place throughout the
lamination stack by creating a sector of taller fins of a set frequency to be used to secure the
shroud at a height “c” above the rest of the fins. The pressure drop across the lamination stack
will be a function of the total flow area, but also a function of the ratio between the flow area
between the fins and the flow area above the fins. In order to model this system, some general
assumptions must be made and verified. It is assumed that for the oil system, flow is laminar. To
check that the Reynolds number is in the laminar region (Re<2000):
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Equation 1: Reynolds Equation

Re =

Using the parameters and material properties listed for volume flow rate, dynamic
viscosity and oil density, a general assumption can be made that the flow is laminar for oil and
turbulent for air. A 3 gallon per minute flow rate converts to 1.89 E-04 cubic meters per second.
Since the volume flow rate is a set parameter, the Reynolds equation is a function of the flow
rate, not velocity. This equation can be expressed as:

Equation 2:

Re
̇

̇

Equation 3:
Where C is a function of the volume flow rate and the hydraulic diameter.

Given the set values, the Reynolds number is now a function of the ratio between
hydraulic diameter of a cell and a unit cell area. This cell is defined by the tooth as the flow area
between two teeth as well as the bypass area from the center of tooth to center of tooth. An
example of the flow area and hydraulic diameter are shown below in Figure 3.

PT
h

Figure 3:

g

H

Flow area and hydraulic diameter of a unit cell.
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Hydraulic diameters for flow directed from the inlet to the outlet (z direction) is given as:
Equation 4: Dz Hydraulic Diameter
The cross directional (x direction) hydraulic diameter can be given as:
Equation 5: Dx Hydraulic Diameter

D

Where h and t are the tooth height and lamination thickness respectively and A is the
cellular flow area in plane normal to flow.
Since the flow cell area is a function of the tooth pitch, it is important to consider the
tooth count. Tooth count is a parameter to be optimized as well. Several tooth counts will be
taken into account ranging from 69 to 279. It is hypothesized that heat transfer coefficient should
increase as tooth count increases due to the added surface area over the base design.
Tooth pitch is given as:
Equation 6: Tooth Pitch
Where C is the circumference of the lamination stack and n is the number of teeth.
Inlet velocity can then be set given the following equation:
̇

Equation 7: Inlet Velocity Equation

Boundary Layer Theory:
Given a no-slip condition at the wall of an object, it is given that there is a boundary
layer. This layer has flow that develops to its outer flow velocity, U. As the distance from the
leading edge of the surface becomes longer, the perpendicular distance, , that it takes to reach
the outer flow value increases [6]. The proposed idea is that by avoiding prolonged surface
lengths available in regards to the flow direction, this will stop the boundary layer from fully
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forming. The two ways that will be specifically evaluated are using clocking techniques to
shorten the flow direction surface length as well as inserting finless laminations between finned
laminations. Figure 4 shows the boundary layer profile.

Hydrodynamic Boundary
Layer Profile

Outer Flow
Velocity U

𝛿

Thermal Boundary Layer

Outer Flow

Profile

Velocity U

𝛿

Figure 4:

Hydrodynamic and thermal boundary layers.

This redevelopment of the boundary layer works inversely when comparing the thermal
layer. The boundary layer affects thermal transfer. As the boundary layer height decreases,
temperature gradient between the temperature at outer flow region and the surface increases. By
constantly ending the surface that the boundary layer begins upon, this constant restart will keep
local velocities higher, thus allowing for higher heat transfer coefficients.
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Governing Equations

These equations set the parameters for the initial conditions for the control volume
analysis. The heat transfer coefficient of the fluid convection acting on the lamination surface is
to be optimized. Because of the changing geometric parameters that lead to changes in initial
condition, it is best to perform a parametric analysis using an effective heat transfer coefficient
rather than a local heat transfer coefficient value. The general equation for convection is:
Equation 8: Convection Equation

̇

Where ̇ is the heat transferred per unit time, A is the wetted surface area and

is the

temperature difference between the surface and the bulk fluid. The heat flux acting at the base of
the lamination is a set parameter, given a value of 4.91

for oil as the working fluid and 0.98

for air as the working fluid. In order to get an overall effective heat transfer coefficient value
to compare different geometries with different initial conditions, as well as to account for axial
temperature rises, the temperature difference to be used will be between the fluid inlet and the
average of tooth root floor. The tooth root floor is defined as the plane normal to the teeth as
pictured in Figure 5.
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Figure 5:

Tooth root depiction.

Therefore, the effective heat transfer coefficient equation is:
̈

Equation 9: Effective Heat Transfer Coefficient Equation

This system is governed by the conservation of momentum, mass and energy. The
governing differential equation is

(

Equation 10: Governing Equation
Where
term,

is the velocity component in the

is the diffusion term and

)

direction, ρ is fluid density, S is the source

is the dependent variable [6].

In order to formulate the control volume modeling methodology, it must be understood
that for convective heat and mass transfer, the flow field solution must be developed along with
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the energy equation [6]. Since

is simply a scalar transport quantity such as temperature, the

continuity, momentum and energy equations can be stated using Equations 11 through 13 as:
⃗ ̇

Equation 11: Continuity Equation

∫

∫

Equation 12: Momentum Equation

∫⃗

∫ ⃗

Equation 13: Conservation of Energy

∫

∫

⃗ ̇

∑
̇

⃗ ̇

̇

∑
̇

It is assumed that this is a steady flow problem as mass flow rate will be kept constant
and it will be assumed that this simulation represents what is occurring at some time after steady
state is achieved.
In order to solve for the total cooling due to convection, there are several equations that
must be incorporated. As will be discussed, a relatively uniform heat flux is applied through the
base of the laminations, and that heat will be dissipated through the fins due to convection at the
surface. Heat transfer through a solid from an applied heat flux can be solved using the
conduction rate equation. The temperature at this surface can be found theoretically by using
Fourier’s law. Assuming negligible effects due to radiation, at the surface, Fourier’s law should
be equal to the heat transfer at the surface. Therefore Equation 14 should be equal to Equation
15.

Equation 14: Fourier's Law
Equation 15: Heat Flux at the Surface

̈

|
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Where

is the normal surface heat flux, k is the thermal conductivity of the lamination

material, A is the area of the lamination surface area that the heater is applying heat flux to, ̈ is
the conduction rate at the surface/fluid interface,
and

|

is the fluid temperature at the surface

is the thermal conductivity of the fluid. The negative sign implies that heat flows from

high to low.
Using Equation 15 to find the heat flux at the lamination/fluid interface and using
Equation 16 to find the convective heat flux between the solid surface and ambient air:
Equation 16: Convective Heat Transfer Equation

Where

is the surface temperature,

̈

is the fluid temperature and

)

is the heat transfer

coefficient.
Given that Equation 15 is equal to Equation 16, and solving in terms of the heat transfer
coefficient:
|

Equation 17: Convection Heat Transfer Coefficient
Fin efficiency is the ratio of heat transfer from the actual fin to the heat transfer of an
imaginary fin of the same geometry and same conditions but with an infinite conductivity. The
efficiency can be solved as a function of the power, the effective heat transfer coefficient and the
temperature difference between the tooth root average and the inlet.

Equation 18: Effective Fin Efficiency
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Generally the taller the fin, the larger the wetted area, the better the heat transfer.
However, in practice the larger fin has implicit and explicit costs. This larger fin has larger mass,
higher cost and more area to create friction between it and the fluid. Fin efficiency decreases
with fin height. If the fin efficiency is near 1.0, there is room to increase fin height. However, if
fin efficiency drops below 0.70, then the fins must be shorter or wider to increase efficiency.
These values can be compared for the various simulated and experimentally tested geometries in
order to find the parametrically optimized design.
The goal of this research is to use CFD to find parameters that will optimize an effective
heat transfer coefficient while maintaining a goal pressure drop of 20 psi per linear inch across
the lamination stack with oil as the working fluid. In order to validate the simulation data,
experimental testing was performed using air as the working fluid and compared to a simulation
that models the experimental test. Validation of the experimental test validates the optimization
simulations since the governing conditions remain the same. The only changes being made
between different simulations is the material properties of the working fluid and the lamination
material. Control volume theory will be used to solve for these parameters.

CHAPTER THREE: CONTROL VOLUME ANALYSIS USING
COMPUTATION FLUID DYNAMICS

SolidWorks 2012 was used to make the three dimensional model and STAR-CCM+
version 9.04 was used to perform the CFD simulation of this system. In order to reduce iteration
time for the analysis, the number of lamination is limited to 8 laminations. Once flow has
developed, pressure drop per lamination becomes a relatively constant value and the use of more
than eight laminations does not increase model accuracy much, but does require vast amounts of
computation time and power. Another way to reduce iteration time for analysis is by using
symmetry of the system. Symmetry will be used to take just a small portion of the entire model.
By simulating only a fraction of the arc length, analysis time is reduced. To further simplify the
model, across this arc length, the model will be built as a straight line rather than a curved
surface. Figure 6 shows an example of a model using these features as well as the boundary
conditions on each outer face.
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Adiabatic Boundary Condition

Periodic
Boundary
Condition

Periodic
Boundary
Condition

Constant Heat
Flux
Figure 6:

Example of a symmetric cut arc.

Boundary conditions for the models have a periodic boundary along the left and right
edges of the metal lamination. The oil regions at the left and right limits have a periodic
boundary condition placed at the boundary nodes since these laminations repeat themselves
based on the clocked frequency. The clocking of the laminations negates symmetry since once
clocked; the laminations lose symmetry at boundaries. A heat flux value of 4.91

is applied to

the base of the lamination in order to simulate heat flow from the electronic source. Geometry is
labeled as shown in Figure 7. Figure 8 shows an isometric view and gives visual understanding
of why a periodic boundary is used at the left and right boundary conditions.
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Shroud Housing
Tooth Pitch, PT

Lamination
thickness, t

Lamination Base

Figure 7:

Geometry of the lamination.

Varying boundary conditions. These conditions are not
symmetrical at the boundary wall. Boundary nodes
involving fluid region are periodic as these values at the
left boundary are equal to the values at the right boundary.

Figure 8:

Transparent isometric view of the model left boundary.
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The inlet (front face) of the model is defined within STAR-CCM+ (STAR) as a velocity
inlet while the outlet (rear face) of the model is defined as a split-flow outlet.
In STAR, many computed values can be expressed numerically as well as graphically.
These graphical representations are called scenes. It is important to understand how scenes are
defined so as to understand what is being measured. The two most important computations for
this research are effective heat transfer coefficient and pressure gradient. Pressure gradient was
recorded by taking surface area averages across a user generated plane. Figure 9 shows an
example of the pressure scene. Each control volume produces a value based on the equations
needed to balance the governing equations (conservation of energy, x, y and z momentum). Then
an average is taken across all volumes in a user defined space. Figure 9 shows that these values
are then displayed as a scalar value on a 2D plane. For the simulations performed in this
research, the planes used to find pressure values were taken at every midpoint of each
lamination. Figure 10 shows a graphical representation of pressure measurement locations. Each
flow area is symmetric to the rest in terms of the pressure field. The higher pressure in the right
corner that then lessens from right to left and bottom to top is caused by the clocking pattern.
The lamination behind the lamination featured in Figure 9 is offset 120 degrees. Therefore flow
path is blocked on the right side of each flow area, causing an increased pressure on the right
side of the flow area.
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Bypass Area

Figure 9:

Figure 10:

Flow Area

Example of a pressure scene.

Scalar pressure representation at the center of the laminations.

In order to avoid any boundary effects from the inlet and exit, the pressure gradient was
measured between the 4th and 7th laminations as the difference in the surface average of the
constrained planes aforementioned divided by the distance between the planes. The equation for
pressure gradient is:

Equation 19: Pressure Gradient
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The parameterized heat transfer coefficient was found in a similar fashion. Heat transfer
coefficient is defined as:

Equation 20: Heat transfer coefficient
However, while ̈ can be taken as the heat flux of 4.91

h=

̈

, the change in temperature can

be more difficult to measure. In order to perform comparative analysis that would work across a
range of geometries, the temperature values were chosen to be the difference between the tooth
root average temperature and the inlet temperature of the fluid. This gives a comparable value of
effective heat transfer coefficient rather than the local heat transfer coefficient between a local
temperature and the lamination.
A polyhedral mesh was used in order to provide a balanced solution for mesh while
having a fraction of the cells a tetrahedral mesh would require. In order to provide a balance with
respect to iteration time and accuracy, approximately 400,000 cells were used for meshing.
A hybrid Gaussian LSQ method was used for the dependent variable gradient
calculations. With hybrid viscous grids, a weighted least square method Green-Gaussian method
will produce accurate or robust gradient method [7].
There are two solvers that are available, they are coupled or segregated solver. A
segregated solver solves governing equations sequentially while a coupled solver solves
simultaneously. Since flow is steady, coupled solver is not required. Due to computational
limitations, segregated solver is used.
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Difficulties can arise in finding a numerical solution of this convection problem due to
problems in discretizing the convective and pressure derivative terms in the momentum equation
[6]. Control volume analysis can be used to develop a discretization scheme. In this case, second
order upwind scheme is the best fit for the control volume analysis. For the dependent variable in
the convection term, phi, it is assumed to be equal at both the interface of the control volume and
upstream nodal value i-1/2. The upwind scheme can be written as [6]:
(

Equation 21: Upwind Scheme

(

)

(

)

(

)

)

Based on the stated methods, computational analysis indicated several results that can be
found in Chapter 6.

CHAPTER FOUR: OIL RESULTS AND ANALYSIS

Parametric analysis was used to find optimized geometries at two different clocking, 120
degree (geometry pattern repeats after every third lamination) and 180 degree clocking
(geometry pattern repeats after every other lamination). Figure 11 and Figure 12 show an
overhead view of the fin pattern for 180 degree and 120 degree clocking. One of the major
differences to note is that the 180 degree clocking requires a finless lamination in between each
finned lamination when fin widths are sufficiently large in comparison to gaps between fins.
When fins reach a width that is larger than ½ tooth pitch, the tooth is wider than the gap and flow
is blocked. This finless lamination provides the necessary room to maneuver as well as allows
for wider teeth and smaller gaps which increase pressure drop. In order to make the finite
element analysis easier, symmetry was used between the inlet and exit. Instead of modeling
hundreds of laminations, a reasonable assumption of limited repeated patterns was used. 8 finned
laminations were modeled. This was to ensure that flow developed sufficiently. Developed flow
should lead to linear pressure gradient.
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Unit Cell of flow

Figure 11:

180 degree clocking example.

Figure 12:

120 degree clocking example.

Using the prior stated assumptions as well as the general parameters of the lamination
geometry, a total of thirty eight simulations were performed on various geometries. These
simulation solutions confirmed several hypotheses. It was hypothesized that flow area was
inversely related to velocity and pressure drop. Figure 13 and Figure 14 show the relationship
between cellular flow area and velocity across that plane. It should be noted that all simulations
were plotted in these figures. However, trend can be seen when comparing like geometries.
Specifically, the two circles in each figure show separate trends with respect to the above tooth
bypass area. Larger bypass areas create lower frontal velocity with respect to flow area compared
to creating larger horizontal velocity with respect to flow area. It should also be noted that due to
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impingement, the 180 degree clocked designs had significantly lower flow areas and as a result,
higher velocities.

Flow Velocity in Z direction (same direction
as inlet flow) (fps)

Z Velocity vs. Normal Flow Area for 180
Degree and 120 Degree Clocked Designs
9
8
7
6
5
4
3
2
1
0

180 Clocking
120 Degree Clocked

0

0.001

0.002

0.003

0.004

Flow Area Normal to Inlet Flow (XY Plane) (in^2)

Figure 13:

Vz vs. Flow Area (XY plane).

Horizontal Velocity (fps)

Horizontal (X direction) Velocity vs.
Normal Flow Area (YZ Plane) for 180 and
120 Degree Clocking
12
10
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4
2
0

180 Clocking
120 Clocking
0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

Horizontal Flow Area (in^2)

Figure 14:

Vx vs. Flow Area (YZ plane).
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Figure 15 shows a comparison amongst the more refined geometries. All the geometries
use 120 degree clocking with an over-tooth bypass height of five thousandths inch. They all use
a pitch of .05625 inches. Given these set geometry conditions, the tooth heights and tooth widths
have been altered. Since tooth width is altered, gap is altered since pitch distance is a constraint.
As can be seen, the pressure across all the laminations are grouped based upon tooth width.
Within those groupings, the pressure is lower as tooth height increases.
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Figure 15:

Pressure drop versus sets of similar geometry.
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Effective Heat Transfer
vs. dP/dz
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Figure 16:
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35

tw.0225 h.035
tw.0225 h.045

Effective heat transfer vs. dP/dz.

Figure 16 shows the effective heat transfer coefficient compared to the pressure drop per
linear inch of the lamination stack. The geometries fall into grouping by tooth width with
pressure not having a significant effect on heat transfer coefficient. This shows that the driving
parameter given the constraints will be the ratio between tooth width and tooth gap. The
optimized case study given the stated parameters and goals is case study “120 Clocking
PT.05625 h.035 tw.0225 g.034 c.005”. This geometry gives 8407 W/m^2-K effective heat
transfer coefficient at 19 psi per linear inch. This gives a high effective heat transfer coefficient
while keeping near the goal of 20 psi per linear inch.

CHAPTER 5: EXPERIMENTAL TESTING SETUP AND PROCEDURE
In order to verify that the computational analysis is correct, validation by experimental testing
was used. Oil presents several challenges on the experimental level. The working temperature is above
100 degrees Celsius and the fluid pumping system is more elaborate. The heating elements required to
reach 5 W/cm^2 are very costly. In order to create a safe and simple system that is effective regardless of
power scale, the experiment was designed to use air as the fluid.

Test Fixture and Fan
An experimental test fixture was constructed using an axial fan, a small air duct, temperature and
pressure sensors and film heaters. An AC power supply powers the film heater while two DC power
supplies power the axial fan and provide excitation for the pressure sensors. A multi-meter was used to
find voltage drop over a known resistance in order to find applied power to the heater. A DAQ chassis
allows for insertion of DAQ modules that receive data from the thermocouples and pressure sensors. This
raw data was transferred to LabView 8.5 for analysis.

The air duct being used was made for a previous experiment, but is modified for this
experiment [4]. The exploded view of the duct is referenced in Figure 17.
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Figure 17:

Exploded view of duct [4].

The fan attaches to the fan mounting plate (1) which is then attached to the right and left
panels (3 and 4) of the tunnel. The cut-out in the mounting plate matches the dimensions of the
fan inlet. The four holes are dimensioned such that they are aligned with the corresponding holes
on the frame of the fan. The base of the tunnel (2) is a single sheet metal slat with tapped holes
along the edges. The single hole in the center accommodates the leads of the film heaters. The
left and right panels use overlapping pieces that screw to the base of the tunnel and the top panel
(5). The top panel has tapped holes located at positions corresponding to the test article and
orifice plate so that pressure taps may be installed. The orifice plate (6) sits near the exit of the
duct and has a diameter of two inches. The exit orifice plate is used to create an over pressure in
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the working section [8]. The plate is held in place by two brackets on either side (7 & 8) that
attach to the right and left panels of the tunnel. Figure 18 shows the assembled duct.

Figure 18:

Assembled duct [4].

In order to match simulations conditions, flow should be as developed as soon as possible
upon entry into the lamination channels. To do this, the bottom surface of the duct uses a ramp to
direct flow into the lamination channels. Figure 19 and Figure 20 show the ramp as well as the
fixture that holds the lamination stack. Bolts and nuts are used to give support.

Lamination Placement

Figure 19:

Flow Direction

Ramp and lamination fixture.
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1

3

4

Figure 20:

2

Exploded view of ramp and lamination fixture.

The inlet ramp (1) pushes flow up to the lamination stack. The support legs (2 and 3) as
well as the nuts and bolts (not marked) provide the foundation of the fixture. Flow leaves the
lamination stack at the start of the exit ramp. The space above and around the lamination
channels is blocked off in order to concentrate all mass flow through the lamination channels.
Figure 21 shows the area to be blocked off (hatched area)
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Figure 21:

Lamination fixture inside duct.

The fan is a Delta Electronics PFB0812DHE 12V DC tube axial fan. The frame
dimensions are 80x80x38 mm. The angular velocity of the blades is controlled by direct
adjustment of the DC power supply voltage. Figure 22 shows a picture of the fan.

Figure 22:
Delta Electronics model
PFB0812DHE axial fan.
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The fan can produce a maximum of 132 CFM at zero static pressure head. The head flow curve
for the fan is displayed below in Figure 23. This particular fan follows the “DH” curve.

Figure 23:

Head Flow Curve

The flow straightener pictured in Figure 24 is used to reduce the flow rotation caused by
the angular motion of the fan blades. Open circuit flow designs such as this have been able to
recreate relatively accurate models compared to their expensive, closed circuit wind tunnel
counterparts [8]. The flow straightener makes the flow velocity profiles more uniform.
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Distance
between fan
and
straightener is
approx. 5.5
inches

Figure 24:

Flow straightener.

Test Laminations

The laminations were modeled using SolidWorks 2012. Figure 25 and Figure 26 show
the lamination model and dimensions. The total number of laminations used is dependent on the
number of spacers used since the evaluated flow direction length is fixed at four inches.
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Figure 25:

Figure 26:

View of single lamination.

Lamination drawing.

Figure 27 shows the spacer dimensions. While the next several figures show different
tested orientations.
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Figure 27:

.05" spacer drawing.

As can be seen in all 4 figures, the fin pattern was tested both at 180 degree clocking as
well as straight fin pattern. Another parameter that was varied was the spacing between
laminations in the flow direction. The two spacing tested was one pattern with zero spacing
between finned laminations and another pattern with three, 0.05” spacers placed between the
finned laminations. This 0.15” buffer was used to test the theory that heat transfer should
improve due to redevelopment of boundary layer.
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Flow Direction

Figure 28:

Lamination stack using 0.015” spaced laminations and 180 degree
clocking.

Flow Direction

Figure 29:

Lamination stack using 0.015” of space between laminations
and no clocking.
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Flow Direction

Figure 30:

Lamination stack using no spacing or clocking laminations.

Flow Direction

Figure 31:

Lamination stack using no spacing and 180 degree clocking
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Data Acquisition System

Labview was used to assemble the programming of the sensor and measurement
components. The components and sensors are divided into three circuits. There is a circuit that
controls the film heater (heater circuit), a circuit that controls the fan flow rate (fan circuit) and a
system that monitors the temperature and pressure (data circuit). A schematic of the system can
be found in Figure 32.
The Omega Polyimide film heater is used in conjunction with a 1 ohm shunt resistor, an
Elenco model XP-800 power supply and Agilent 34401a multi-meter. The shunt is wired in
series with the heater with the DMM placed in parallel across the resistor in order to measure
current. The shunt resistor is rated at 1 ohm; however due to the load and the power rating, the
shunt actually measured .47 ohms consistently during testing. This was due to the heating up of
the resistor affecting the realized resistance. Measuring voltage drop and the resistance at the
shunt, current can be solved. This current and the voltage readout from the power supply will
give the applied power to the heater.

42

Load
Resistance

Elenco Power
Supply XP800

Agilent DMM 34401a

Film Heater

Shunt

Delta Electronics
PFB0812DHE Fan
Agilent PS E3615A

Omega PX162-027D5V sensor

Omega PX162-027G5V sensor
Agilent PS E3612A

NI 9219

NI 9211

NI 9211

K-type
Thermocouples

NI cDAQ 9172

CPU

Figure 32:

Schematic of data acquisition system.

In order to determine the actual power supplied to the test piece, a tare relationship was
developed between heat loss and cube temperature. An average temperature of the laminations
was used at given heater input powers to develop the base heat loss for the experiment. This is
quantified in Figure 33.

43

Tare Relationship

y = 0.9288x + 27.162
R² = 0.998
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Figure 33:

Tare relationship between input power and measured temperature

To ensure accuracy of the K-Type thermocouples, the thermocouples were exposed to a
boiling bath and ice bath. The boiling bath used a deep fryer filled with water while the ice bath
used ice water. An IR gun with a separately calibrated K-Type thermocouple was used to help
verify accuracy. The calibration graphs can be found in the appendix along with the calibration
equations that were produced.
The Agilent E3612A DC power supply powered both honeywell pressure transducers.
These pressure transducers were used to find volume flow rate and pressure drop across the
lamination stack. Calibration of the transducers were performed under the assumption that in
ambient conditions, with zero fluid flow and an empty duct, both transducers should read 1 volt.
The full scale output of both transducers are 6 volts. Calibration equations for flow rate
transducer and pressure drop transducer respectively are:
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Equation 22: Flow Rate Transducer Calibration Equation
Equation 23: Pressure Drop Transducer Calibration Equation

Figure 34 and Figure 35 show a strong linear relationship between both pressure
transducer outputs compared to changes in fan power.

Pressure Drop Transducer Output
Voltage vs. Fan Power
y = 0.001x + 1.0011
R² = 0.972
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1
0.995

Pressure Output
Voltage vs. Fan Power
Linear (Pressure
Output Voltage vs. Fan
Power)

0

Figure 34:
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Pressure drop transducer output voltage vs. fan power.
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Pressure Drop Transducer Output
Voltage vs. Fan Power
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Figure 35:
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y = 0.0232x + 0.986
R² = 0.9942

Flow rate transducer output voltage vs. fan power.

The pressure transducer taps can be seen in Figure 36.

Flow Rate Tap
DP Inlet Tap

Figure 36:

DP Outlet Tap

Pressure transducer tap location.
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Pressured gradient can be directly related to the exit orifice geometry and the hydraulic
diameter of the duct in Equation 24. The orifice is a 2 inch circular cut that used squared edges.

Equation 24: Volume Flow Rate Calculation ̇

√

To determine the discharge coefficient, ISO-5167 standard for orifice meters was used.
Equation 25: Discharge Coefficient Equation

Fan power was changed and volume flow rate was measured (Figure 37). Flow rate curve
was found to be different when fan power changed by increasing increments versus decreasing
increments. Further discussion can be found in the uncertainty section of this report.

Fan Power vs. Volume Flow Rate
Fan Power (Watts)
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Fan Power Changed
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Increments
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40

Volume Flow Rate (CFM)

Figure 37:

Fan Power Changed
by Decreasing
Increments

Volume flow rate.

Fan power was changed to measure different pressure drop values across the base case of
zero clocking and no spacer lamination stack. Similar to the volume flow rate measurements,
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pressure drop followed a different curve dependent upon the direction of power incrementation.

Fan Power (Watts)

Further discussion can be found in the uncertainty section.
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Figure 38:

Linear (DP as Power
Increases)
Linear (Dp as Power
Decreases)
y = 21.916x - 0.936
R² = 0.9968

Pressure drop curve fit.

Testing Procedure
See Table 8 for experiment procedural instructions
Table 8
Instructions for Performing Experiment
Step 1
Step 2
Step 3
Step 4
Step 5
Step 6
Step 7
Step 8

Place heater and copper heat sink onto the test fixture body.
Arrange laminations and spacer into appropriate configuration install thermocouples
into laminations.
Power on NI-cDAQ chassis, Agilent E3615A and E3612A power supplies, and
multimeter.
Open LabVIEW program and power on Elenco XP-800 power supply. Adjust to 115
VAC.
Power on fan and monitor DP across orifice to establish desired flow rate. Adjust
voltage accordingly.
Run test until test article temperatures stabilize. Readjust fan voltage to collect data at
additional flow rates.
Once testing is finished, power off NI-cDAQ chassis, power supplies, and fan.
Close LabVIEW program and shut off PC.
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Test Plan
103 Watts will be supplied to the heater. For the 4 lamination patterns shown in Figure 29
through Figure 31, 5 flow rates will be tested. Temperature at various lamination centers will be
logged as well as pressure drop and flow rate data will be logged for those 12 separate
experiments. The flow rates will generally be a low, middle and high with values near 6 CFM,
7CFM, 9 to 10 CFM, 16.5 to 18 CFM and 23.5 CFM. To keep the testing area sealed, holes were
tapped into the duct and screws inserted. At high flow rates, adhesive was used to create a better
seal.

CHAPTER SIX: COMPUTATIONAL ANALYSIS OF EXPERIMENT

STAR-CCM v. 9.04 was used to recreate the experimental test in a computational setting.
All components were drafted using SolidWorks 2012. The inlet and outlet ramps leading from
the fan to the lamination stack and then from the lamination stack to the outlet orifice were made
to reflect the experiment. Figure 39 shows the general shape of the simulation geometry. To the
left is the inlet, with the ramp leading directly to the lamination channels. Flow is from left to
right. The middle area is the lamination stack, and then the right side represents the ramp to the
outlet.

Flow Direction

Figure 39:

Simulation geometry.
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Figure 40:

Probe locations.

The lamination geometry was varied for all the case geometries. The focus was to
monitor probe temperatures and pressure values. The temperature probes were placed in the
same manner as the experimental test, with one exception; they were placed at the wetted surface
of the lamination base floor rather than the same location used for the thermocouples in the
experimental test (inside the solid lamination base). This was done in order to directly compute
heat transfer coefficient rather than extrapolate using conduction equations. Location of probes
can be seen in Figure 40.
Five flow rates were simulated, in order to bracket all the experimental data. The goal
from Chapter 2 was 46 CFM across an entire 5 inch diameter lamination. Since the section
considered is approximately 1/6 of the entire lamination, only that scaled flow rate was used. So
a 46 CFM flow rate for a full lamination stack would be near 7 CFM for the simulation and
experimental test considered. Flow rates used were 5.96 CFM, 7.02 CFM, 9.17 CFM, 16.5 CFM
and 23.5 CFM. This would equate to a complete perimeter model to be 39 CFM, 46CFM, 60
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CFM, 108 CFM and 153 CFM. These values were chosen to get a full scale view of how the
geometry patterns cool across several flow values.
Typical Residual values can be seen in Figure 41 and Figure 42. Residuals were kept
anywhere as low as E-03 to E-08. The residual values are dependent on the robustness of the
simulation as well as the complexity of the geometry. The simple geometry of no spacing and no
clocking generally yielded excellent residual values.

Figure 41:

Figure 42:

Residuals for no clocking, 0.15" spacing at 153 CFM.

Residuals for no clocking or spacing at 60 CFM.

CHAPTER SEVEN: EXPERIMENTAL VS. COMPUTATIONAL ANALYSIS
All tests used 103W of input power to the heater. 4 laminations patterns located in Figure
28 through Figure 31 were tested at 4 different flow rates. Figure 43 and Figure 44 show the
thermocouple placement throughout the lamination stacks for both spaced and non-spaced
designs. Clocking pattern was inconsequential in the thermocouple location.

1

Figure 43:
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6

Thermocouple configuration for spaced lamination patterns.

Thermocouple number is boxed next to the thermocouple alignment hole.
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Figure 44:
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N/A

Thermocouple location for zero spacer lamination patterns.

All Plots can be found in the appendix. More pertinent plots are listed below. Figure 45
shows all of the thermocouple temperatures at different locations in the flow direction for each
test.

Temperature (Degrees Celcius)

Thermocouple Temperature with Respect to
Flow Rate Direction
34
32

9 CFM No Spacer No Clocking

30
28

17 CFM No Spacer No Clocking

26
24

23.5 CFM No Spacer No Clocking

22
20
0

5

10

15

9 CFM 3 Spacer No Clocking

Lamination Number in Flow Direction

Figure 45:

Thermocouple temperature with respect to flow direction.
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Each lamination is .25 inches wide and the thermocouple placed at the center as shown in
Figure 44. Comparing the different no clocking patterns, it can be seen in Figure 46 as expected
that as flow rate increases, temperature decreases. The expected temperature rise due to mass
flow and specific heat should be in the range of 3.8

(23.5 CFM flow rate) to about 10

(9

CFM flow rate).

Thermocouple Temperature with Respect to
Flow Rate Direction For Straight Channel
Lamination Pattern
Temperature (Degrees Celcius)

34
9 CFM No Spacer No Clocking

32

17 CFM No Spacer No Clocking

30
28

23.5 CFM No Spacer No
Clocking

26

9 CFM 3 Spacer No Clocking

24
22

16.5 CFM 3 Spacer No Clocking

20
0

5

10

15

23.5 CFM 3 Spacer No Clocking

Lamination Number in Flow Direction

Figure 46:

Thermocouple Temperature for Straight Channel Patterns

It is shown that for all straight channel patterns without the use of the spacers,
temperature continues to increase until the exit. However, for the straight channel patterns with
spacers, it can be seen that the highest temperature is always the 5th or 7th lamination, and then
temperature drops after that lamination. Figure 47 and Figure 48 show the notable differences for
all flow rates given no clocking and only finned lamination spacing changing. The temperature
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with respect to distance into the flow direction has the same general trend for all non-spaced
patterns and a different trend that is true for all spaced patterns.

Temperature (Degrees Celcius)

Thermocouple Temperature with Respect
to Flow Rate Direction For Straight Channel
Lamination Pattern without Spacers
34
32
30
28
26
24
22
20

9 CFM No Spacer No Clocking
17 CFM No Spacer No Clocking
23.5 CFM No Spacer No
Clocking

0
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15

6 CFM No Spacer No Clock

Lamination Number in Flow Direction

Figure 47:

Thermocouple temperature for no spacer no clocking pattern.

Temperature (Degrees Celcius)

Thermocouple Temperature with
Respect to Flow Rate Direction For
Straight Channel Lamination Pattern
with .15 Inch Spacing Between…
35
9 CFM 3 Spacer No Clocking

30

16.5 CFM 3 Spacer No
Clocking

25
20

Figure 48:
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Clocking

Thermocouple temperature for straight channel pattern with spacers.

56

Table 9 shows the temperature values recorded for two similar flow rates taken at
ambient temperatures within .25 degree C from each other. This pattern holds true for a
comparison between any two similar flow rates with different spacer use.
Table 9
Comparison between Spaced and No Spaced Laminations
Lamination Position

1

3

5

7

9

11

13

17 CFM No Spacer No
Clocking

25.24

27.42

27.23

27.51

27.18

27.95

28.90

16.5 CFM 3 Spacer No
Clocking

25.42

26.25

26.60

26.81

26.38

26.22

26.41

Figure 49 shows the thermocouple temperatures for clocked patterns. As flow rate
increases, temperature decreases.

Temperature (Degrees Celcius)

Thermocouple Temperature with Respect
to Flow Rate Direction for 180 Degree
Clocking of Lamination Pattern
34

10 CFM 3 Spacer 180 Degree
Clocking

32
30

16 CFM 3 Spacer 180 Degree
Clocking

28
26

23.5 CFM 3 Spacer 180
Degree Clocking

24
22

10 CFM No Spacer 180
Degree Clocking

20
0

2

4

6

8

10

Lamination Number in Flow Direction

Figure 49:

12

18 CFM No Spacer 180
Degree Clocking

Thermocouple temperatures for clocked patterns.
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Figure 50 and Figure 51 show the temperatures for different clocked patterns. It can be
seen that the temperature difference for clocked patterns with different spacing isn’t as
noticeable as in the non-clocked patterns. However, the 0.15” triple spacer does lower
temperatures over non-spaced designs.

Temperature (Degrees Celcius)

Thermocouple Temperature with
Respect to Flow Rate Direction for 180
Degree Clocking of Lamination Pattern
without Spacer
32
30
10 CFM No Spacer 180
Degree Clocking

28
26

18 CFM No Spacer 180
Degree Clocking

24
22
20

Figure 50:

0

5

10

15

23.5 CFM No Spacer 180
Clocking

Lamination Number in Flow Direction

Thermocouple temperature for non-spaced, clocked patterns.
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Temperature (Degrees Celcius)

Thermocouple Temperature with Respect to Flow
Rate Direction for 180 Degree Clocking of
Lamination Pattern with 0.15 Inch Spacing
Between Laminations
34
32
30
28
26
24
22
20

10 CFM 3 Spacer 180 Degree
Clocking
16 CFM 3 Spacer 180 Degree
Clocking
23.5 CFM 3 Spacer 180 Degree
Clocking
0

2

4

6

8

10

7.23 CFM 3 Spacer 180 Clocking

Lamination Number in Flow Direction

Figure 51:

Clocked and spaced lamination temperatures.

Figure 52 shows the pressure in inches of water for the different non-clocked patterns. As
can be expected, the 0.015” spacing between laminations lessens the pressure by allowing flow
to mix between laminations.

Pressure vs. Flow Rate for No Clocked
Patterns
Pressure (Inch H20)

1.5

1
No Spacing No Clocking

0.5

3 Spacer No Clocking
0
0

5

10

15

20

25

Flow Rate (cfm)

Figure 52:

Pressure for non-clocked patterns.
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Pressure vs. Flow Rate for All Data
1.8
Pressure (Inch of H20)

1.6
1.4

0.15 Inch Spacer with No Clocking

1.2

1

No Spacing or Clocking

0.8
0.6

No Spacing but 180 Degree
Clocking

0.4

0.015 Inch Spacer and 180
Degree Clocking

0.2
0
0

5

10

15

20

25

Flow Rate (CFM)

Figure 53: Pressure vs. flow for all patterns.
Figure 53 shows the pressure drop for all flows and flow patterns. It is shown that lowest
pressure occurs using a spacer with no clocking. The highest pressure was expected to be no
spacing, 180 degree clocking pattern and is confirmed in the figure. The spacers also relieve
pressure from the 180 degree clocking design as well as allow more redevelopment of boundary
layer.
It can be concluded that the spaced designs provide more cooling over non-spaced
counterparts. The 180 degree clocked designs also provide less cooling than the straight channel
counterparts. While 180 degree clocked designs allow for more fin surface area, it is likely that
the constant interruptions in flow lower local velocities, thus causing lower convection. The
straight channel, 0.15 inch spaced patterns performed the best. The conclusion is that the
constant restarting of flow development coupled with the open flow paths allow the highest
velocity for the bulk fluid. The clocked patterns allow for higher local values, but as was shown
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in Fain et al. [4], those values generally occur on edges of geometry, not over the full surface.
Therefore, achieving an overall higher fluid velocity through higher local velocity profiles due to
the redevelopment of boundary layer coupled with open flow paths with nothing to obstruct flow
is the optimized geometry for convection.

Uncertainty Analysis

The uncertainty analysis for this study was limited, but does include uncertainty of the
input heater power as well as the uncertainty of the thermocouples.
Uncertainty of an instrument can be expressed as:
∑

Equation 26: Uncertainty Equation

The original current measurement would be based off of the resolution and accuracy of
the multimeter as well as the accuracy of the shunt.

√((

)

)
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)

)

Since the heater power uncertainty is a function of the above current accuracy and the
uncertainty of the power supply,

√((

)

)
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)

)
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Energy Analysis

In order to verify the simulation data, there must be a comparison between the
experimental and theoretical. An energy balance must be used.
Equation 27: Energy Balance
Since all thermocouple temperatures are taken at the middle of a lamination, they must be
adjusted to the surface temperature value in order to evaluate for all of these energy
relationships. The thermal resistance is:

Equation 28: Thermal Resistance

Knowing the thermal resistance, the adjusted temperature to the surface is

Equation 29: Surface Temperature

Where Ts is the surface temperature, T is the thermocouple temperature, k is thermal
conductivity, dx is the distance to the surface from the thermocouple and q is the power in. The
tare relationship must be shifted to get surface temperature as well. The variance between the
surface temperatures is relatively small, calculated to be .134 degrees Celsius. Ambient
temperatures varied by about .5 degree Celsius throughout testing. Those values were recorded
and were used to calculate convection for the temperature difference between ambient upstream
temperature and local surface temperature.
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The heater power was estimated in Chapter 5. The loss due to all external losses can be
estimated from the tare relationship by plugging in the average thermocouple temperatures and
finding the y coordinate that it matches up to on the plot. The heat dissipated due to convection
can be found by subtracting the power from the heater, by the power loss found from the tare
relationship.
To solve for the effective heat transfer coefficient, only the ambient air temperature
upstream is known. This must be kept in mind in terms of what these calculations mean. The
heat transfer coefficient is an effective heat transfer coefficient that can be used to compare the
designs and was given in Equation 16. Table 10 shows the analysis of the various inputs and the
effective heat transfer as defined for a temperature difference between lamination surface and
inlet. A surface average was used to compare whole geometries.
Figure 54 shows the average heat transfer coefficient for each geometry and flow rate. It
can be seen that for any given flow rate, the heat transfer coefficient is highest for the case using
the spacers without any clocking. Conversely, the worst heat transfer coefficient occurs when
using no spacing and 180 degree clocking. This again should be due to the blockage of the bulk
flow.
The local heat transfer coefficients were plotted in Figure 55 and plotted separately to see
the differences based upon geometry and spacing. Due to flow redevelopment, this general trend
of sinusoidal heat transfer coefficient would continue regardless of stack size.
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Table 10
Table of Effective Heat Transfer Coefficient for Given Geometries and Flow Rates

Configuration
no space no
clock
no space no
clock
no space no
clock
3 spacer no
clock
3 spacer no
clock
3 spacer no
clock
3 spacer no
clock
no spacer 180
clock
no spacer 180
clock
no spacer 180
clock
no spacer 180
clock
3 spacer 180
clock
3 spacer 180
clock
3 spacer 180
clock
3 spacer 180
clock

Volume Flow
(CFM)

T inlet
(C)

Average
Surface
Temp ( C )

Qloss
(W)

Q Conv
(W)

Atotal
(m^2)

h eff

9

22.543

29.54

54.60

48.40

0.0326

212.227

17.5

22.6

27.21

52.44

50.56

0.0326

336.256

23.5

22.34

26.57

51.84

51.16

0.0326

370.941

10

22.6

27.60

52.80

50.20

0.0317

316.654

16.5

22.51

26.16

51.46

51.54

0.0317

444.851

23.5

22.47

25.81

51.13

51.87

0.0317

490.456

6.86

22.42

29.33

54.40

48.60

0.0317

221.853

10

22.8

30.02

55.04

47.95

0.0395

168.078

18

22.87

27.59

52.79

50.21

0.0395

269.174

6

22.24

32.22

57.09

45.91

0.0395

116.466

23.5

22.57

27.21

52.43

50.57

0.0395

275.891

10

22.99

29.71

54.76

48.24

0.0271

264.813

16

22.75

27.80

52.99

50.01

0.0271

365.099

7.23

22.62

29.53

54.59

48.41

0.0271

258.519

23.5

22.72

27.02

52.26

50.74

0.0271

435.225
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Average Heat Transfer Coefficient
Compared to Geometry and Flow
Rate
h (W/m^2 K)

600
9CFM no space no clock

400

17.5 CFM no space no
clock

200
0
0

5

10

15

20

25

Flow Rate (CFM)

Figure 54:

23.5 CFM no space no
clock

Averaged heat transfer coefficient.

h (W/m^2-K)

Effective Heat Transfer Coefficient at Local
Lamination
800
700
600
500
400
300
200
100
0

9 CFM No Spacer No Clocking
17 CFM No Spacer No Clocking
23.5 CFM No Spacer No
Clocking
9 CFM 3 Spacer No Clocking
0

5

10

Lamination number (1 is at flow entrance)

Figure 55:

15

16.5 CFM 3 Spacer No
Clocking

Local heat transfer coefficients.

Figure 56 through Figure 58 show that there is a very clear trend in heat transfer
across laminations when the geometry is considered. There is less clear correlation when just one
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flow rate is considered across all geometries. Figure 57 clearly shows the same trend seen for the
0.15” spacer using no clocking that was seen for the temperature pattern. This wave pattern is
likely due to flow redevelopment.

Effective Heat Transfer Coefficient at
Local Lamination for No Spacer or
Clocking
h (W/m^2-K)

800

9 CFM No Spacer No
Clocking

600

17 CFM No Spacer No
Clocking

400
200

23.5 CFM No Spacer No
Clocking

0
0

5

10

15

Lamination number (1 is at flow entrance)

Figure 56:

6 CFM No Spacer No Clock

Local heat transfer for geometry using no spacers or clocking.

Effective Heat Transfer Coefficient at
Local Lamination for 0.15" Finned
Lamination Gap and No Clocking
h (W/m^2-K)

800
9 CFM 3 Spacer No Clocking

600
400

16.5 CFM 3 Spacer No
Clocking

200
0
0

5

10

15

23.5 CFM 3 Spacer No
Clocking

Lamination number (1 is at flow entrance)

Figure 57:

Local heat transfer using 0.15" spacing between laminations and no clocking.
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Effective Heat Transfer Coefficient at Local
Lamination for 9/10 CFM
h (W/m^2-K)

500
400
300

9 CFM No Spacer No Clocking

200

9 CFM 3 Spacer No Clocking

100

10 CFM 3 Spacer 180 Clocking
10 CFM No Spacer 180 Clocking

0

0

5

10

15

Lamination number (1 is at flow entrance)

Figure 58:

Local heat transfer with respect to one flow setting

To summarize, heat transfer was best for the zero clocked, 0.15” spaced lamination stack.
This was due to the constant redevelopment of boundary layer after each lamination. 180 degree
clocking patterns performed poorest. While the wetted surface increased, the stagnation on the
front of fins and the stagnant flow directly behind fins lowered convection locally due to the low
flow condition allowing temperatures to elevate.

Computational vs. Experimental Analysis

Using STAR-CCM, the assumption is ideal conditions. That is, the energy should balance
for a given heat input, convection will take some, and the rest will heat the body of the solid.
Temperature probes were placed at positions similar to the experimental data, but instead of the
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center of the lamination per the experimental method, they were placed at the surface of the
lamination for the computational simulation. Pressure probes were placed at locations that were
similar to the experimental method. These probes can be seen again in Figure 59. The data in
Table 11 and Table 12 shows the inputs and outputs for temperature data and pressure data
simulated in STAR-CCM.

Figure 59:

Probe location.

Table 11
Simulation Temperature Data
Configuration

Flow Rate
(CFM)

Inlet ( C )

average

Atot
(m^2)

q" in
(W/m^2)

h effective
(W/m^2-K)

180 Clocking No Spacer

9.17

21.84

53.246

0.0395

9800

312.042285

180 Clocking No Spacer

16.5

21.84

43.714

0.0395

9800

448.020481

180 Clocking No Spacer

23.38

21.84

39.276

0.0395

9800

562.055517

No Clocking 3 Spacers

5.96

21.84

86.743

0.0317

9800

150.994561

No Clocking 3 Spacers

7

21.84

81.3014

0.0317

9800

164.812803

No Clocking 3 Spacers

9.17

21.84

73.4166

0.317

9800

190.008647

No Clocking 3 Spacers

16.5

21.84

60.7972

0.0317

9800

251.55812

No Clocking 3 Spacers

23.5

21.84

54.196

0.0317

9800

302.880455

No Clocking No Spacer

7

21.84

70.84

0.0317

9800

200

Base Flow No Clocking No Spacer

0

21.84

86.562

0.0326

9800

151.416829

No Clocking No Spacer

5.96

21.84

82.028

0.0326

9800

162.823154

No Clocking No Spacer

16.5

21.84

54.23

0.0326

9800

302.562519

No Clocking No Spacer

23.5

21.84

48.094

0.0326

9800

373.276453

180 Clocking No Spacer

7

21.84

59.316

0.0395

9800

261.500694

180 Clocking No Spacer

5.96

21.84

63.452

0.0395

9800

235.508988
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Table 12
Simulation Pressure Data
Configuration
180 Clocking No Spacer
180 Clocking No Spacer
180 Clocking No Spacer
No Clocking 3 Spacers
No Clocking 3 Spacers
No Clocking 3 Spacers
No Clocking 3 Spacers
No Clocking 3 Spacers
No Clocking No Spacer
No Clocking No Spacer
No Clocking No Spacer
180 Clocking No Spacer
180 Clocking No Spacer
No Clock No Spacer

Flow
Pressure Drop
Inch of
Rate
(psi)
H20
9.17
7.8585E-02
2.18
16.5
2.3500E-01
6.51
23.38
4.6664E-01
12.92
5.96
9.2014E-03
0.25
7
1.2977E-03
0.04
9.17
1.9991E-02
0.55
16.5
6.0622E-02
1.68
23.5
4.9363E-02
1.37
5.96
6.2262E-03
0.17
16.5
2.8785E-02
0.80
23.5
5.4136E-02
1.50
7
4.7732E-02
1.32
5.96
3.8511E-02
1.07
9
9.7920E-03
0.27

Table 13 compares the simulation pressure data and the experimental pressure data.
Table 13
Simulation versus Experimental Pressure

Configuration
180 Clocking No Spacer
180 Clocking No Spacer
180 Clocking No Spacer
No Clocking 3 Spacers
No Clocking 3 Spacers
No Clocking 3 Spacers
No Clocking 3 Spacers
No Clocking No Spacer
No Clocking No Spacer
180 Clocking No Spacer
No Clock No Spacer

Inch of
Flow
H20
inch H20
Rate
Simulation Experimental
9.17
2.18
0.3368
16.5
6.51
0.8348
23.5
12.92
1.5518
7
0.04
0.2791
9.17
0.55
0.2671
16.5
1.68
0.5965
23.5
1.37
0.6555
16.5
0.80
0.7551
23.5
1.50
1.3564
5.96
1.07
0.2768
9
0.27
0.279
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Figure 60 shows the STAR-CCM image of a thermal analysis. As can be seen, the
leading edge is the coolest, and the stack heats up from inlet to outlet. This was confirmed during
the experimental testing.

Flow Direction
Figure 60:

Sample thermal image of lamination stack

Table 14 shows the experimental temperature data and the derived effective heat transfer
coefficient. Compares the simulation vs. experimental heat transfer coefficient.
Table 15 shows the experimental vs. simulated heat transfer coefficients. The general
trend as expected is that for a given geometry, as flow increases, heat transfer coefficient
increases. However, these data sets differ with respect to performance. Experimental data shows
that as predicted, the geometries using spacer outperform their non-spacer counterparts.
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Table 14
Experimental Temperature Data

Configuration
9CFM no space
no clock
17.5 CFM no
space no clock
23.5 CFM no
space no clock
10 CFM 3
spacer no clock
16.5 CFM 3
spacer no clock
23.5 CFM 3
spacer no clock
6.86 CFM 3
spacer no clock
10 CFM no
spacer 180 clock
18 CFM no
spacer 180 clock
6 CFM no
spacer 180 clock
23.5 CFM no
spacer 180 clock
10 CFM 3
spacer 180 clock
16 CFM 3
spacer 180 clock
7.23 CFM 3
spacer 180 clock
23.5 CFM 3
spacer 180 clock

Volume
Flow
(CFM)

T inlet
(C)

Average
Surface
Temp ( C )

Qloss
(W)

Q Conv
(W)

Atotal
(m^2)

h eff
(W/m^2-K)

9

22.543

29.54

54.60

48.40

0.0326

212.227

17.5

22.6

27.21

52.44

50.56

0.0326

336.256

23.5

22.34

26.57

51.84

51.16

0.0326

370.941

10

22.6

27.60

52.80

50.20

0.0317

316.654

16.5

22.51

26.16

51.46

51.54

0.0317

444.851

23.5

22.47

25.81

51.13

51.87

0.0317

490.456

6.86

22.42

29.33

54.40

48.60

0.0317

221.853

10

22.8

30.02

55.05

47.95

0.0395

168.078

18

22.87

27.59

52.79

50.21

0.0395

269.174

6

22.24

32.22

57.09

45.91

0.0395

116.466

23.5

22.57

27.21

52.43

50.57

0.0395

275.891

10

22.99

29.71

54.76

48.24

0.0271

264.813

16

22.75

27.80

52.99

50.01

0.0271

365.099

7.23

22.62

29.53

54.59

48.41

0.0271

258.519

23.5

22.72

27.02

48.47

54.53

0.0271

467.733

Simulation data shows that the best geometry would be the 180 degree clocked pattern.
Experimental data showed that it would not perform as well due to the flow restriction
counteracting the extra wetted surface area. One likely cause of error for the temperature values
was contact resistance. Weighted wedges were used to increase contact pressure between the
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copper heat sink and the lamination surfaces. However, due to factors such as water jet kerf, a
pliable, highly conductive substrate should have been used in order to decrease contact resistance
and lower the power losses in transfer of energy from the heater to the laminations.
Table 15
Experimental vs. Simulated Heat Transfer Coefficient
Configuration
180 Clocking
No Spacer
180 Clocking
No Spacer
180 Clocking
No Spacer
No Clocking 3
Spacers
No Clocking 3
Spacers
No Clocking 3
Spacers
No Clocking No
Spacer
No Clocking No
Spacer
No Clocking No
Spacer
180 Clocking
No Spacer

Flow Rate
(CFM)

h effective (W/m^2-K)
Simulated

h effective (W/m^2-K)
Experimental

9.17

312.0422849

168.078082

16.5

448.0204809

269.1743597

23.38

562.0555173

275.8912702

9.17

190.0086473

316.6541658

16.5

251.5581202

444.851012

23.5

302.8804549

490.4559428

7

200

221.8532826

16.5

302.5625193

336.2558589

23.5

373.2764531

370.9412581

5.96

235.5089878

116.4660054

The difference between the simulation and experimental data is likely due to placement
of the simulation pressure taps. Care was taken to use the measure distances from the
experimental fixture to locate the location of the simulation pressure probes. For each geometry
set as seen in Figure 61 and Figure 62, the trend of the pressure follows what is to be expected; a
linear increase as flow rate increases. It should be noted that the 180 degree clocked geometry
has a much larger pressure head than either of the non clocked geometries.
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Simulated Pressure vs. Flow Rate for Each
Geometry Pattern
14.00
180 Clocking No Spacer

Pressure (Inch H20)

12.00
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Linear (180 Clocking No
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2.00
0.00
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10

15

20

25

Linear (No Clocking 3
Spacers)

Flow Rate (CFM)

Figure 61:

Simulated pressure data for each geometry pattern.
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Experimental Pressure Data for Geometry
Patterns
1.8
1.6
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No Clocking No Spacer

Linear (180 Clocking No
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0.00
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15.00

20.00

25.00
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Figure 62:

Experimental pressure data.

Linear (No Clocking 3
Spacers)

CHAPTER 8: CONCLUSIONS
Several geometry conditions versus various flow rates were both experimentally and
computationally tested in order to maximize heat transfer coefficient. In most cases the
experimental data confirmed trends found in the simulation data. Some errors occurred with
respect to pressure data in the simulations. These errors were likely due to pressure tap location
in the vertical direction. The overall trends show that higher flow rates increase heat transfer
coefficient. Experimental testing showed that there is a noticeable difference in measured
temperatures not only across the lamination stack, but for different clockings given the 0.15”
spacer compared to no spacers used. This noticeable decrease in temperature leads to an increase
in the heat transfer coefficient. It is believed that this improvement in convection is due to the
constant boundary layer redevelopment. This redevelopment allows for higher local velocity
values, thus increasing local and overall heat transfer coefficient. The 180 degree clocking was
found to be inefficient during experimental testing due to the development of pressure head as
well as stagnation of flow allowing for elevated local fin temperatures due to low or zero
velocity flow fields on the front and rear side of fins.
The next steps to be performed would be to try different clocking patterns besides 0
degree and 180 degree. Fin shape needs to also be addressed. This study investigated conditions
given a flat, rectangular fin. Improvements could possibly be achieved by varying the angle the
fin sides make with the lamination base, thus creating various trapezoidal shapes.
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MISCELLANEOUS FIGURES
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Ice and Boiling Bath Temps( C )

Thermocouple 1 and 2 Calibration
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Figure 63:

150
y = 1.0033x + 0.1194
R² = 1

Thermocouple 1 and 2 calibration.

Thermocouples 3 and 4 Temperature
Calibration
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Figure 64: Thermocouple 3 and 4 calibration.
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Ice and Boiling Bath Temps ( C )

Thermocouple 5 and 6 Calibration
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Figure 65: Thermocouple 5 and 6 calibration.
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Thermocouple 7 Calibration
120

y = 1.003x + 0.0282
R² = 1

100
80

Thermo7

60

Calibration

40

Linear (Thermo7)
Linear (Thermo7)

20

Linear (Calibration)

0
0

50

100

150

Thermocouple Temp ( C )

Figure 66: Thermocouple 7 calibration.
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Figure 67: Thermocouple temperature for 23.5 CFM.
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Figure 68: Thermocouple temperature for 9 CFM.
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Figure 69: Thermocouple temperature for 10 CFM.

